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The effect of dehydration on the coordination and speciation of sulfate at the Fe-(hydr)oxide-H2O
interfacewas investigatedusingmolecularorbital/density functional theory (MO/DFT)andFourier transform
infrared (FTIR) spectroscopy. IR frequency calculations were performed at the UB3LYP/6-31+G(d) level
of theory for potential sulfate (bidentate bridging, monodentate, and H-bonded) and bisulfate (bidentate
bridging and monodentate) surface complexes. MO/DFT calculated IR frequencies were compared to available
IR literature results and attenuated total reflectance (ATR) FTIR spectra collected in our laboratory of
sulfate adsorbed at the hematite-H2O interface. IR frequency calculations performed using the larger
6-311+G(d,p) basis set resulted in minor frequency shifts that did not dramatically alter the agreement
with experiment. This investigation proposes that sulfate undergoes a speciation change as a function of
surface dehydration. A generalized model for the speciation change is proposed as follows. (1) At the
Fe-(hydr)oxide-H2O interface, sulfate adsorbs as a bidentate bridging or monodentate surface complex
under most experimental conditions. (2) Upon surface dehydration, sulfate changes speciation to form
bidentate bridging and/or monodentate bisulfate. However, surface dehydration does not yield 100%
speciation change but leads to a mixture of sulfate and bisulfate. (3) The speciation change is reversible
as a function of rehydration. The reversibility of the sulfate-bisulfate speciation change is chiefly determined
by the local hydration environment of the O-H bond in bisulfate. Under dehydrated conditions, the O-H
bond length is approximately 0.98 Å. The bond length substantially increases (bond strength decreases)
to approximately 1.03 Å when the initial H-bond network is re-established through hydration, likely
leading to deprotonation upon full mineral surface hydration.

1. Introduction

Certain hydrated mineral surfaces accumulate acidity
(i.e., proton accumulation) as a function of drying, a process
explained as resulting from dissociative water adsorption
at polarizable metal cation sites.1 Mineral surface acidi-
fication caused by drying modifies the redox properties
and reactivity of Mn oxides2,3 and changes mineral surface
charge density and metal cation adsorption capacity.4 The
effect of dehydration (and subsequent proton accumula-
tion) on the coordination and speciation of environmentally
important oxyanions (e.g., sulfate, phosphate, arsenate,
oxalate, etc.) at mineral surfaces has been relatively
unexplored. An understanding of this natural process is
critical to predicting oxyanion bioavailability and trans-
port in geochemical and soil systems.

For nearly four decades, it has been understood that
sulfate retention in acid soils occurs through a ligand-
exchange mechanism involving hydroxyl and/or aquo
surface functional groups associated predominantly with
Fe- and Al-(hydr)oxides.5-8 Macroscopic adsorption

isotherm data from Aylmore et al.9 showed sulfate
adsorption to Fe- and Al-(hydr)oxide surfaces was nearly
irreversible, indicated by hysteresis between adsorption
and desorption profiles.

In the 1970s, molecular-scale measurements of sulfate
adsorption on a variety of Fe-(hydr)oxide surfaces were
performed using transmission infrared (IR) spectros-
copy.10,11 Through a combination of high affinity adsorption
isotherms, surface-site availability estimates, and IR
spectroscopic measurements, Parfitt and Smart11 deter-
mined that sulfate formed a bidentate bridging surface
complex. The assignment of the surface complex geometry
was based upon the interpretation of IR spectra through
symmetry arguments within the framework of group
theory. Briefly, these specific symmetry arguments rely
on the IR activity of the ν1 fundamental and degree of
degeneracy of the ν3 fundamental as related to the S-O
normal modes of sulfate. The IR activity of ν1 and ν3 depend
on the point group of sulfate which determines its
coordination environment (i.e., descent in symmetry of
the Td point group through its hierarchy of subgroupss
C3v, C2v, etc.) In other words, the assignment of a surface
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complex geometry was proposed on the basis of the number
of observed S-O IR-active normal modes. Readers in-
terested in details concerning group theory and its
relationship with molecular geometry and complexation
are referred to Nakamoto12 and Carter.13

Turner and Kramer14 determined that sulfate adsorp-
tion to goethite (R-FeOOH) and hematite (R-Fe2O3)
resulted partially in outer-sphere complexation (electro-
staticattraction)but foundapredominanceof inner-sphere
bidentate bridging sulfate combined with a possible, minor
fraction of a monodentate structure. Infrared spectra of
Turner and Kramer14 agreed reasonably well with those
of Harrison and Berkheiser15 and Parfitt and Smart.10,11

The similarity to previously published experimental IR
spectra and the presence of four bands (one attributed to
the ν1 fundamental and three to the ν3 fundamental) led
to the assertion that sulfate adsorbed to Fe-(hydr)oxide
surfaces predominantly formed a bidentate bridging
complex.14

Recent investigations have been performed with in situ
IR spectroscopy, namely the attenuated total reflectance
Fourier transform infrared (ATR-FTIR) method.16,17 The
ATR-FTIR method provides the capability of collecting
real-time measurements and probing the speciation and
coordination of molecules at hydrated mineral surfaces.
Hug16 investigated sulfate adsorption to R-Fe2O3 using
ATR-FTIR as a function of reactant concentration (1 < x
< 2000 µM) and pH (3 < x < 7). The ATR-FTIR spectra
showed an active ν1 fundamental and a ν3 fundamental
split into two distinct bands. On the basis of the number
of bands observed, a monodentate (C3v) surface complex
was assigned from the experimental results.16

Prior to the research of Hug,16 the majority of IR
measurements of sulfate adsorbed to mineral surfaces
used dried samples,10,11,14,15 and the prevalent structural
assignment was a bidentate bridging complex on the basis
of four observed IR-active bands. Hug16 proposed a
hypothesis concerning the observation of a fourth band,
namely that sample drying may lead to modifications of
sulfate coordination or speciation. Measurements of dried
sulfate-treated R-Fe2O3 at pH 3.6 showed an IR band at
∼1200 cm-1, and the intensity of this band increased upon
further drying with N2(g).16 The band at ∼1200 cm-1 also
appeared with R-Fe2O3 in contact with aqueous sulfate
solutions acidified below pH 2, leading to speculation that
the speciation of sulfate was modified.

The ATR-FTIR results of Hug16 demonstrate the need
to explore the effect of (de)hydration on sulfate speciation
and coordination to Fe-(hydr)oxide surfaces. An under-
standing of the consequences of dehydration at the
mineral-water interface on the coordination and spe-
ciation of surface-bound oxyanions is crucial with respect
to predicting their bioavailability and transport in
geochemical and soil systems. The objective of the present
investigation was to utilize molecular orbital/density
functional theory (MO/DFT) frequency calculations to
unravel the relationship between Fe-(hydr)oxide surface
(de)hydrationandsulfatespeciationandcoordination.MO/
DFT frequency calculations are useful for interpreting
complicated IR spectra of oxyanions adsorbed to mineral

surfaces and are not susceptible to the shortcomings of
qualitative group theory-based symmetry arguments and
interpretations.18-20 The present investigation specifically
addressed the following questions raised by Hug:16 (1)
Does Fe-(hydr)oxide surface dehydration cause a conver-
sion of adsorbed sulfate to bisulfate (i.e., speciation change)
or (2) does surface dehydration cause a conversion from
a monodentate to bidentate bridging adsorption complex
(i.e., coordination change) or potentially a combination of
both?

This investigation also addresses the potential impor-
tance of H-bonded sulfate adsorption. MO/DFT frequency
calculations were performed in order to predict optimized
geometries and IR spectra that correspond to potential
adsorption complexes of sulfate and bisulfate at the Fe-
(hydr)oxide-H2O interface. The MO/DFT calculated fre-
quencies were compared to available literature results
and ATR-FTIR results of sulfate adsorbed at the R-Fe2O3-
H2O interface collected in our laboratory.

2. Materials and Methods

2.1. Experimental Methods. 2.1.1. Mineral Synthesis and
Characterization. Synthetic R-Fe2O3 was prepared following a
method of Schwertmann and Cornell.21 Briefly, 500 mL of a 0.2
M Fe(ClO4)3 solution was heated to 98 °C for 7 days. The product
was centrifuged and washed several times using ultrapure DI
water, freeze-dried, and stored in the dark as a powder. Powder
X-ray diffraction verified that the synthetic product was R-Fe2O3
and free of impurities. The Brunauer, Emmett, Teller measured
surface area was 47.8 m2/g ( 0.5 m2/g (sample degassed overnight
at 100 °C) and the total pore volume was 0.074 cm3/g.

2.1.2. ATR-FTIR Spectroscopy and Data Analysis. Infrared
measurements were performed using a Thermo Electron NEXUS
670 FTIR spectrometer equipped with a PIKE Technologies
horizontal attenuated total reflectance (HATR) flow-through
accessory and a germanium (Ge) internal reflection element
(IRE). The HATR flow-through accessory has a 100 µL solution
cell volume, and both the IRE and the top plate are sealed using
inert Teflon-coated gaskets. This setup produces an aqueous film
that flows across the mineral surface with limited turbulence.
A liquid nitrogen-cooled mercury cadmium telluride (MCT-A)
detector was utilized to collect high-resolution spectra in the
wavenumber region of interest (1350-900 cm-1). Spectra were
collected using 128 co-added scans at 8 cm-1 resolution.

A thin Fe2O3 film was adhered to the Ge IRE by allowing 200
µL of a 40 g/L R-Fe2O3 slurry (∼8 mg solid before rinsing) to dry
on the IRE in a 70:30 water/ethanol solution. After drying, the
film was rinsed a minimum of three times with DI H2O adjusted
to pH 4.0 using HCl. A 1 mL aliquot of rinse solution was pipetted
across the film and collected as waste. Rinsing removed any
particles that were not in intimate contact with the IRE and
would, therefore, not be probed by the infrared beam. After
rinsing, the IRE was placed into the flow cell and sealed. The
rinse solution was then pumped across the IRE surface, using
a peristaltic pump set to a flow rate of ∼500 µL/min, for ∼4 h
to allow for surface hydration and equilibration.

After hydration, a background spectrum was collected to
produce a single-beam spectrum that samples the IRE, the
atmosphere within the spectrometer, the R-Fe2O3 film, and the
aqueous solution. After collecting the background spectrum, a
second single-beam spectrum was collected and ratioed against
the background, producing the baseline for the experiment. In
principle, spectra collected beyond this point in time should only
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provide information about species introduced into the system
that interact with the surface.

The input solution was switched to a 50 µM solution of Na2-
SO4 (pH 4.0) and was pumped into the reaction cell for ∼1 h. A
spectrum was collected every 5 min until the collected spectra
superimposed. This condition represents the complete loading of
R-Fe2O3 surface sites with sulfate. After site saturation, the
solution was switched back to the equilibration solution and
allowed to flow for ∼1 h to remove any sulfate remaining in
solution from the reaction cell. No difference in the spectra before
and after rinsing was seen. The spectrum shown in the results
section is a spectrum collected after site saturation and rinsing.

An inverse second derivative spectrum (ISDS) was used to
locate the peak positions in the sulfate adsorption experiment.22

The second-derivative test allows one to probe the peak maxima
obtained from an absorption spectrum. Inversion of the second-
derivative spectrum is simply done for easy comparison to
absorbance data.22 Therefore, peak maxima in the ISDS cor-
respond to peak maxima in the absorption spectrum. Because of
the nature of the second-derivative test, no baseline correction
was necessary for the collected spectrum.

To test the validity of ISDS-derived peak positions, nonlinear
peak fitting was performed on the spectral data and a simple
linear baseline correction was used for this alternate data set.
Nonlinear peak fitting was performed using Origin 6.0. Multiple
Gaussian or Lorentzian functions were used to fit the collected
spectrum. Peak positions were set to the positions obtained from
the ISDS, and a high-quality fit was obtained (r2 ) 0.99). A second
fit procedure was performed to investigate the use of only three
Gaussians, rather than the four established by the ISDS. This
resulted in a lower quality of fit (r2 ≈ 0.8) and significantly larger
full width at half-maximum (fwhm) values for the three peaks
(data not shown). Peak center, amplitude, and fwhm parameters
were allowed to float in order to establish the best fit of the data.
Negative peaks were not allowed during the fitting procedure.

2.2. Theoretical Calculations. Cluster models constructed
from two edge-sharing Fe(III) octahedra were used to simulate
a generic Fe-(hydr)oxide surface, particularly the local coordi-
nation environment of adsorbed (bi)sulfate. Sulfate surface
complexes representative of bidentate bridging, monodentate,
and H-bonded, or bisulfate surface complexes representative of
bidentate bridging and monodentate, respectively, were inves-
tigated. Cluster models are suitable approximations for surfaces
of crystalline ionic solids because the geometry of the cutouts
from the bulk generally maintains similar fully optimized cluster
structures.23

The overall charge of each sulfate-Fe(III) cluster was neutral
(edge-sharing Fe(III) octahedra ) + 2 and sulfate ) -2) and
each bisulfate-Fe(III) cluster + 1 (edge-sharing Fe(III) octahedra
) + 2 and bisulfate ) -1). These cluster model calculations
simulate adsorption below the point of zero charge (i.e., mineral
surface has a net positive charge density). To account for
hydration and local asymmetrical H-bonding at the mineral-
water interface, the supermolecule approach was taken whereby
water molecules were explicitly positioned in proximity to the
(bi)sulfate-Fe(III) cluster. Explicit consideration of water mol-
ecules in the cluster models is critical in order to capture the
effect of short-range local and asymmetrical H-bonding of water
to the O atoms of adsorbed sulfate24 (O and H atoms of adsorbed
bisulfate), which has been shown experimentally to affect the
S-O vibrational frequencies.16,25

To investigate the effect of (de)hydration on the calculated
vibrational frequencies, the geometry of the bidentate bridging
sulfate- and bisulfate-Fe(III) clusters were optimized with four
and eight explicit water molecules. Explicit hydration of three
to four waters was necessary to maintain cluster stability and
prevent waters coordinated to Fe from migrating and forming
H-bonds with (bi)sulfate. Therefore, (bi)sulfate surface complexes
under totally dry conditions (no explicit waters coordinated to
(bi)sulfate) could not be realistically modeled. Despite the
simplicity of these cluster models, they have been shown to predict

optimized geometries and vibrational frequencies in agreement
with experimental results.19,20,26-33

All calculations were performed using the electronic structure
program Gaussian 03.34 The unrestricted hybrid density func-
tional method was employed using Becke’s 3-parameter nonlocal
exchange functional35,36 with the gradient-corrected correlation
functional of Lee-Yang-Parr37 (UB3LYP). The standard 6-31+G-
(d) all-electron split valence basis set including polarization and
diffuse functions on all non-hydrogen atoms was utilized.
Additionally, the standard 6-311+G(d,p) all-electron triple split
valence basis set was utilized for the bidentate bridging (bi)-
sulfate-Fe(III) clusters to test the effect of increased splitting
of the valence orbitals and the addition of polarization functions
to H atoms on the calculated vibrational frequencies.

Minima on the potential energy surfaces were located from a
geometry optimization calculation on the entire system where
no symmetry or geometrical constraints were allowed. Frequency
calculations were subsequently performed on the geometry
optimized structures corresponding to stationary points on the
potential energy surface to verify that a minimum was success-
fully located (i.e., no imaginary frequencies) and to obtain
predicted IR frequencies comparable to experimental IR spectra.

3. Results

3.1. ATR-FTIR Spectrum of Sulfate Adsorbed at
theHematite-WaterInterface.Figure1showstheATR-
FTIR spectrum of the S-O stretching region (1350-900
cm-1) measured for sulfate adsorbed to a hydrated R-Fe2O3
surface at maximum surface loading. It should be noted
that, compared to Figure 1, spectra collected before
maximum surface loading only differed in absorbance
intensity (i.e., the number of measured bands and their
positions did not change as a function of surface loading).
The corresponding band positions, determined from the
maxima of the inverse second-derivative spectrum (red
spectrum in Figure 1), are listed in Table 1. After
maximum surface loading had been achieved, water
adjusted to pH 4 was pumped across the R-Fe2O3 surface
to remove any sulfate remaining in solution from the
reaction cell.
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Relative to the band at 1008 cm-1, three other bands
corresponding to S-O normal modes measured at ap-
proximately 1130, 1055, and 976 cm-1 have comparatively
larger intensities (Table 1, Figure 1). To test if the band
at 1008 cm-1 was real (or noise), the ATR-FTIR spectrum
in Figure 1 was subjected to nonlinear curve fitting (the
peak positions determined by the ISDS were used as input
parameters for the fit). Figure 2 shows the nonlinear curve-
fitted ATR-FTIR spectrum, and the corresponding fre-
quencies of Gaussian peak maxima are listed in Table 1
(values in parentheses correspond to Lorentzian peak
maxima from a separate nonlinear curve fit). The non-
linear curved-fitted frequencies (Gaussian peak maxima)
are close to the frequencies determined by the ISDS with
a mean difference of 8 cm-1. This small difference is likely
due to the inexact determination of peak maxima using
both ISDS and nonlinear peak fitting. The ATR-FTIR
spectrum in Figure 1 was also subjected to a fit using only
three Gaussian peaks, which resulted in substantial

reduction to the fit quality (r2 ) 0.99 f ∼0.8; data not
shown). Therefore, four bands corresponding to S-O
normal modes for sulfate adsorbed at the R-Fe2O3-water
interface have been identified. This finding differs with
the results of Hug16 who identified three bands and will
be examined in the Discussion.

3.2. MO/DFT Frequency Calculations. The calcu-
lated vibrational frequencies of the (bi)sulfate-Fe(III)
clusters are listed in Table 2, and their corresponding
molecular structures are depicted in Figure 3. In each
case, all frequencies are real and the stationary points on
the potential energy surfaces correspond to local energy
minima. Each (bi)sulfate configuration is distinguishable
due to the different number and energy of predicted
frequencies, facilitating their comparison to experimental
data and possible assignment of surface complexes. The
calculated vibrational frequencies contained in Table 2
for the monodentate structures have been improved from
values that we have concurrently published.38

The accuracy of the total electronic wave function and
its effect on the predicted vibrational frequencies was

(38) Usher, C. R.; Paul, K. W.; Narayansamy, J.; Kubicki, J. D.;
Sparks, D. L.; Schoonen, M. A. A.; Strongin, D. R. Environ. Sci. Technol.
2005, web release.

Figure 1. ATR-FTIR spectrum corresponding to the S-O
stretching region (1350-900 cm-1) of sulfate adsorbed to a
hydrated hematite surface at pH 4.0. Solid black line corre-
sponds to the ATR-FTIR spectrum. Red dotted line corresponds
to the inverse second-derivative spectrum.

Figure 2. ATR-FTIR baseline-corrected spectrum correspond-
ing to the S-O stretching region (1350-900 cm-1) of sulfate
adsorbed to a hydrated hematite surface at pH 4.0. Solid black
line corresponds to the baseline-corrected ATR-FTIR spectrum.
Thin dotted lines are Gaussian functions used to fit the
overlapping normal modes in the spectrum, and the solid gray
line superimposed on the experimental spectrum is the
composite fit of all Gaussian functions.

Table 1. Experimental ATR-FTIR Frequencies (cm-1) of
Sulfate Adsorbed at the Hematite-Water Interface (pH
4.0), as Determined by the Inverse Second-Derivative
Spectrum and Nonlinear Peak Fitting Using Gaussian

Functions (Lorentzian Functions in Parentheses)

nonlinear
peak fit (r2)0.99)

inverse
second derivative

1124 (1128) 1130
1057 (1060) 1055
1029 (1040) 1008
980 (974) 976

Table 2. Theoretical Vibrational Frequencies (cm-1) of
Potential Energy Minimized (Bi)sulfate Surface

Complexes on Fe(III)-(Hydr)oxide Clusters
(UB3LYP/6-31G+(d))a

sulfate bisulfate

BB M H-bonded BB M

1236 (347) 1222 (307)
1157 (336) 1152 (317) 1174 (282)

1143 (468) 1139 (338) 1128 (387) 1119 (243) 1105 (238)
1070 (423) 1043 (426) 1060 (376)
1032 (183) 1006 (245) 1012 (266) 1011 (294)
988 (350) 976 (451)
937 (45) 942 (171)

900 (248)
a Intensities are given in parentheses. BB, bidentate bridging;

M, monodentate.

Figure 3. Potential energy minimized (bi)sulfate adsorption
complexes on Fe(III) clusters: (A) sulfate bidentate bridging;
(B) sulfate monodentate; (C) sulfate H-bonded; (D) bisulfate
bidentate bridging; and (E) bisulfate monodentate. H2O mol-
ecules explicitly considered in all calculations are H-bonded to
the (bi)sulfate cluster models (H-bonded optimized with 10 H2O
molecules). Calculations were performed at the UB3LYP/6-
31+G(d) level of theory. Red, oxygen; white, hydrogen; yellow,
sulfur; blue, iron.
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tested by using the 6-311+G(d,p) basis set to re-optimize
the bidentate bridging Fe(III) sulfate and bisulfate clusters
(Figure 3, A and D, respectively) previously optimized at
the UB3LYP/6-31+G(d) level of theory (i.e., test the effect
of increased valence orbital splitting and the addition of
polarization functions on the H atoms). Table 3 lists the
calculatedvibrational frequenciesof thebidentatebridging
Fe(III) sulfate and bisulfate clusters optimized at the
UB3LYP/6-311+G(d,p) level of theory. A comparison of
the vibrational frequencies calculated using the 6-31+G-
(d) versus 6-311+G(d,p) basis sets (Tables 2 and 3,
respectively) revealed the larger basis set results in only
modest shifts of the frequencies (15 and 7 cm-1 for the
bidentate bridging sulfate and bisulfate clusters, respec-
tively). This result illustrates a reduction in computational
cost may be achieved without sacrificing the accuracy of
the predicted IR vibrational frequencies with respect to
the size of an all-electron basis set. Furthermore, experi-
mental IR S-O stretching frequencies associated with
adsorbed (bi)sulfate at the Fe-(hydr)oxide-H2O interface
are estimations typically derived from nonlinear curve
fitting or simply by visual inspection. Therefore, in the
remainder of this manuscript, the theoretical results in
Table 2 will be used to compare to experimental IR
frequencies presented in the Discussion section.

To investigate the effect of reverse dehydration on the
calculated vibrational frequencies, the optimized geom-
etries of the bidentate bridging sulfate and bisulfate
clusters (Figure 2, A and D, respectively; four explicit
waters) were re-optimized with eight explicit water
molecules. Figure 4 depicts these optimized geometries,
and their vibrational frequencies are listed in Table 4. A
comparison between the MO/DFT calculated vibrational

frequencies for the bidentate bridging sulfate structure
(Figure 3A and Figure 4B, Tables 2 and 4, respectively)
using four and eight explicit waters reveals minor
frequency shifts (average of 10 cm-1). This is not unex-
pected because adding four additional waters simply
increases the number of hydrogen bonds to the sulfate
oxygen atoms. On the other hand, significant changes
result when the bidentate bridging bisulfate structure
with only four H2O molecules is re-optimized with four
extra H2O molecules (Figure 4 A). With only four waters,
the hydrogen in bisulfate (Figure 3D) is not participating
in hydrogen bonding (this scenario represents a ‘dried’
Fe-(hydr)oxide surface where sulfate has undergone a
speciation change to form bisulfate and will be discussed
in the next section). However, with eight waters, several
new frequencies are predicted that correspond to bisulfate
normal modes coupled to the extra waters (Table 4). Most
importantly, when eight waters are considered, substan-
tial weakening of the O-H bond in bisulfate occurs
(increase in bond length from 0.977 to 1.034 Å).

4. Discussion

Sulfate adsorption to R-Fe2O3
16 and R-FeOOH17 has been

investigated using ATR-FTIR under in situ (aqueous)
conditions, and experimental frequencies for these par-
ticular studies are reported in Table 5. At pH 3 (100 µM
SO4

2-) and 4 (20 µM SO4
2-), Hug16 reported a monodentate

sulfate complex formed at the R-Fe2O3 surface under
hydrated conditions. The surface complex assignment was
based upon the observation of three IR-active bands,
suggestive of a C3v monodentate complex from a group
theoretical analysis (i.e., IR-active ν1 fundamental and ν3
fundamental split into two bands). In Table 2, the
calculated frequencies for monodentate sulfate at 1043
and 1006 cm-1 arise from an identical normal mode and
the intensity weighted average equals 1029 cm-1. A
comparison of the experimental frequencies under hy-

Table 3. Theoretical Vibrational Frequencies (cm-1) of
Potential Energy Minimized Bidentate Bridging Fe(III)

Sulfate and Bisulfate Clusters Calculated at the
UB3LYP/6-311+G(d,p) Level of Theory

bidentate
bridging sulfate

bidentate
bridging bisulfate

1227 (394)
1137 (484) 1143 (400)

1111 (168)
1067 (560)
1013 (416) 1014 (227)
957 (269)b

945 (52)
a Intensities are given in parentheses. b Reduction in atomic

displacement relative to 988 cm-1 spectral line predicted at
UB3LYP/6-31+G(d) level of theory (Table 2).

Figure 4. Potential energy minimized (bi)sulfate adsorption
complexes on Fe (III) clusters using eight explicit H2O mol-
ecules: (A) bisulfate bidentate bridging; (B) sulfate bidentate
bridging. Calculations were performed at the UB3LYP/6-31+G-
(d) level of theory. Red, oxygen; white, hydrogen; yellow, sulfur;
blue, iron.

Table 4. Theoretical Vibrational Frequencies (cm-1) of
Potential Energy Minimized Bidentate Bridging Fe(III)

Sulfate and Bisulfate Clusters Calculated at the
UB3LYP/6-31+G(d) Level of Theory Including Eight

Explicit Water Molecules

bidentate
bridging sulfate

bidentate
bridging bisulfate

1354 (153)a

1164 (428)
1120 (421) 1132 (240)a

1057 (293) 1112 (292)
1040 (513) 1011 (348)
988 (306) 947, 988 (20, 60)a

931 (28) 884, 886 (223, 203)a

856 (203)
a Predicted S-O(H) stretching frequencies coupled to extra water

molecules not previously calculated in the bidentate bridging
bisulfate structure (four waters).

Table 5. Experimental ATR-FTIR Frequencies (cm-1) of
Sulfate Complexes Adsorbed to Hematitea and Goethiteb

under a Variety of Experimental Conditions

100 µM, pH 3a 20 µM, pH 4a drya 20 µM, pH 3.5-5.5b

1199
1170

1130 1128 1131 1133
1108c

1052 1057 1057 1055
992

975 975 975 975c

a Hug.16 b Peak et al.17 c Attributed to an outer-sphere complex
by authors.
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drated conditions at pH 3 and 4 (Table 5) and the MO/
DFT calculated frequencies (Table 2) for monodentate
sulfate reveals a good agreement, with the exception that
the symmetric stretching mode at 942 cm-1 is underes-
timated.

In our ATR-FTIR experiments of sulfate adsorbed at
the R-Fe2O3-water interface, four bands were identified
by means of both the inverse second derivative and
nonlinear peak-fitted spectra (Table 1, Figures 1 and 2).
In Table 2, the calculated frequencies for bidentate
bridging sulfate at 1032 and 988 cm-1 arise from an
identical normal mode and the intensity-weighted average
equals 1003 cm-1. Comparison of our experimental
frequencies under hydrated conditions at pH 4 (Table 1)
and the MO/DFT calculated frequencies (Table 2) for
bidentate bridging sulfate reveals a good agreement, again
with the exception that the symmetric stretching mode at
937 cm-1 is underestimated. Another reasonable surface
complex that may be present under our and Hug’s
experimental conditions (Tables 1 and 5, respectively) is
H-bonded sulfate. In Table 2, the calculated frequencies
at 1157 and 1128 cm-1 arise from an identical normal
mode and the intensity-weighted average equals 1141
cm-1. The two lowest-energy predicted frequencies at 976
and 900 cm-1 (Table 2) both dramatically underestimate
the experimental frequencies (Table 1). Thus, a simple
linear regression analysis of the theoretical frequencies
(Table 2) versus our experimental frequencies (Table 1)
reveals that bidentate bridging sulfate is a better as-
signment than H-bonded sulfate.

An important difference between our experimental data
and those of Hug is the number of identified bands which
results in different surface complex assignments. If an
unidentified band at 1000 e x e 1040 cm-1 were present
in Hug’s spectra (as it is in ours), then a bidentate bridging
sulfate complex is currently the most reasonable surface
complex assignment. Unfortunately, distinguishing be-
tween the monodentate and bidentate bridging coordina-
tion geometries may be exceedingly difficult using the
ATR-FTIR technique, where the resolution of the FTIR
data becomes critical. The discrepancy in the number of
measured bands between these two investigations may
also arise from differences in surface loading of sulfate on
the hematite particle surfaces.

Upon drying, the sulfate surface complex changes, as
indicated by the experimental frequencies reported by
Hug16 in Table 5. Hug16 hypothesized the appearance of
a fourth band at or above 1200 cm-1 may be the result of
a change in speciation (sulfate to bisulfate conversion) or
a change in coordination (monodentate-to-bidentate bridg-
ing structural conversion). On the basis of the preceding
arguments, a change in coordination from a monodentate
to bidentate bridging sulfate structure is ruled out because
the assignment based upon the MO/DFT results is likely
one of these two complexes under hydrated conditions. A
comparison of the MO/DFT results in Table 2 and the
ATR-FTIR results for the drying experiment in Table 5
reveal a speciation change is credible (i.e., bidentate
bridging or monodentate sulfate conversion to bidentate
bridging and/or monodentate bisulfate). The three ex-
perimental frequencies less than 1200 cm-1 (Table 5)
roughly maintain their position with respect to the pH 3
and 4 spectra of the hydrated bidentate bridging sulfate
complex, suggesting that a fraction of the surface complex
remains post-drying. It is likely that a mixture of sulfate
and bisulfate exists at the R-Fe2O3 surface under dry
conditions with five observed bands, one above 1200 cm-1

arising from sulfate protonation and conversion to bisul-
fate.

The bisulfate O-H bond length substantially increases
from 0.977 to 1.034 Å when the bidentate bridging bisulfate
geometry optimized with four explicit waters (Figure 3D)
is re-optimized with eight explicit waters (Figure 4A).
Essentially, this optimized structure represents a reverse
‘snapshot’ along the reaction path whereby sulfate changes
speciation to bisulfate (i.e., sulfate is protonated) upon
drying. The weakening of the bisulfate O-H bond (i.e.,
increase in bond distance) as displayed by the MO/DFT
results suggests that the change in speciation upon drying
(or rewetting) is reversible. In other words, when sulfate,
adsorbed as a bidentate bridging or monodentate structure
under hydrated conditions, changes speciation and con-
verts to bisulfate as a function of drying, the speciation
change is reversible (i.e., upon rewetting, bisulfate is
converted back to sulfate). Unfortunately, the MO/DFT
geometry optimizations are calculated for static structures
and the full dynamical effect of this process is impossible
to explore using static MO/DFT calculations (this explains
why the predicted frequencies for the bisulfate structure
in Table 3 do not correspond to an experimental equilib-
rium adsorption complex because this structure is not a
reaction product). However, a theoretical investigation of
this dynamical process may be amenable to ab initio
molecular dynamics and is the subject of future research.

Table 5 also contains ATR-FTIR experimental frequen-
cies corresponding to sulfate adsorption on R-FeOOH
between pH 3.5 and 5.5.17 Peak et al.17 assigned the sulfate
surface complex as a monodentate bisulfate or monoden-
tate sulfate (plus H-bonding to an adjacent surface site)
structure, in addition to an outer-sphere component (1108
and 975 cm-1 in Table 5). Upon comparison of the MO/
DFT calculated frequencies (Table 2) for the monodentate
bisulfate and the experimental frequencies (Table 5, last
column), it is evident a discrepancy exists between the
assigned structure and its corresponding calculated
frequencies. The monodentate bisulfate structure is
predicted to have an active asymmetric IR stretching mode
greater than 1200 cm-1, a diagnostic feature absent in
the experimental spectra.

Peak et al.17 identified four bands in their experimental
spectra that were assigned as inner-sphere (Table 5),
reasoning that monodentate sulfate may form an H-bond
to an adjacent surface site (i.e.C2v structure). When sulfate
forms a monodentate surface complex under hydrated
conditions, it is difficult to imagine that it would not
simultaneously undergo H-bonding with an adjacent
surface OH or H2O functional group given the proximity
of the complex to an adjacent surface site. The geometry-
optimized monodentate sulfate complex (Table 2, Figure
3) formed an H-bond to the adjacent surface H2O functional
group. Comparing the calculated frequencies of mono-
dentate sulfate (Table 2) and the experimental frequencies
in Table 5 reveals that this assignment may be incorrect
because monodentate sulfate is predicted to have only
three IR-active normal modes, regardless of whether it
forms an H-bond to an adjacent surface site. Both bidentate
bridging and H-bonded sulfate are predicted to have four
IR-active normal modes (Table 2) and may better explain
the observed experimental spectra. Unfortunately, in the
current investigation, it was not possible to explore the
possibility of outer-sphere complexes where one or more
monolayers of water (full hydration shells) separate sulfate
from the cluster due to computational cost considerations.

Before the use of ATR-FTIR became routine in aqueous
mineral surface geochemical applications, several inves-
tigations were conducted on sulfate sorption to Fe-(hydr)-
oxides using transmission and diffuse reflectance IR
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spectroscopy.11,14,15,39 Unfortunately, the experiments in-
volved different variables and conditions under which
spectra were collected, essentially making direct com-
parisons exceedingly difficult or altogether impossible.
For the purposes of this discussion, the MO/DFT calculated
frequencies will not be compared to the work of Harrison
and Berkheiser15 because their experiments were per-
formed such that sulfate was occluded in the crystalline
structure of their hydrous iron oxides (i.e., not strictly
surface complexes).

Table 6 lists the results of experiments conducted by
Turner and Kramer14 and Persson and Lovgren.39 Turner
and Kramer14 interpreted their spectra as sulfate forming
a bidentate bridging complex on R-Fe2O3. Clearly, a
bidentate bridging sulfate complex is not the only complex
in their system because the band at 1255 cm-1 (Table 6,
first column) does not correspond to this assigned structure
in consideration of the MO/DFT calculated frequencies
(Table 2). Their spectra are similar to those of Hug16 with
a single high-energy band greater than 1200 cm-1 and
approximately three lower-energy bands: roughly 1130
and 1130, 1030 and 1050, and 950 and 975 cm-1 for Turner
and Kramer14 and Hug,16 respectively. As previously
mentioned these similarities show that bidentate bridging
or monodentate sulfate, upon drying, likely changes
speciation and forms bidentate bridging and/or mono-
dentate bisulfate in a mixture of unknown proportion (i.e.,
not 100% conversion).

Persson and Lovgren39 interpreted their spectra as an
outer-sphere sulfate complex forming at the surface of
R-FeOOH. Their measured frequencies are similar to those
of Turner and Kramer14 (Table 6), qualitatively suggesting
that the same surface complex is present on both dried
R-Fe2O3 and R-FeOOH samples. Persson and Lovgren39

also suggested the presence of protonated sulfate at the
goethite surface below pH 5, which is in line with the
MO/DFT results for the bidentate bridging and/or mono-
dentate bisulfate structure.

Parfitt and Smart11 used transmission IR spectroscopy
to measure the interaction of sulfate with several air-
dried and evacuated Fe-(hydr)oxide mineral surfaces,
and these experimental results are listed in Table 7. The
proposed surface complex for sulfate on all of the Fe-
(hydr)oxide surfaces was a bidentate bridging structure.
Upon evacuation, the experimental frequencies undergo

shifts of varying degree depending on the specific structure
of the mineral surface, but the nature of adsorbed (bi)-
sulfate does not change with respect to speciation or
coordination.11 Similar to the proposed structural assign-
ment of Turner and Kramer,14 Parfitt and Smart11

assigned their spectra solely to the presence of a bidentate
bridging sulfate complex. With respect to the MO/DFT
calculated frequencies (Table 2), a mixture of bidentate
bridging and monodentate sulfate and bisulfate likely
exists under their experimental conditions, similar to the
results of Turner and Kramer,14 Hug,16 and Persson and
Lovgen.39

5. Conclusions

MO/DFT frequency calculations were utilized to in-
vestigate the effect of dehydration on the equilibrium
surface complexes of (bi)sulfate at the Fe-(hydr)oxide-
H2O interface. Though this investigation has not un-
equivocally determined the exact nature of (bi)sulfate at
the (de)hydrated Fe-(hydr)oxide surface, the following
general sequence is proposed. (1) At the Fe-(hydr)oxide-
H2O interface, sulfate adsorbs as a bidentate bridging or
monodentate surface complex under most experimental
conditions. (2) Upon dehydration, proton accumulation
causes a speciation change: bidentate bridging or mono-
dentate sulfate converts to bidentate bridging and/or
monodentate bisulfate. An undetermined distribution of
both sulfate and bisulfate exists. In other words, the
speciation change does not yield 100% conversion. (3) The
speciation change is reversible as a function of rehydration.

The MO/DFT results were compared to several experi-
mental studies which had assigned the (bi)sulfate surface
geometry using a group theoretical analysis. Within the
framework of a group theoretical analysis, the symmetry
of a molecule, or complex ion, is explicitly considered,
without consideration of the symmetry that results from
associations and interactions with neighboring mol-
ecules.13 Sulfate adsorbed to a mineral surface is unlikely
to preserve a well-defined high-symmetry point group (i.e.,
descent in symmetry of the Td point group through its
hierarchy of subgroupssC3v, C2v, etc.) with respect to its
metal complex counterparts in solution. At a mineral
surface, structural distortion is expected to occur due to
electrical double-layer influences and local asymmetrical
hydrogen-bonding from surface hydration, ultimately
leading to nonideal behavior. Despite its limitations in
helping to interpret spectra of adsorbed species at the
mineral-water interface, group theory is an invaluable
tool as a first approximation and provides an excellent
qualitative view of the relationships between symmetry
and surface complexation. However, it should be used
cautiously as it treats the mineral-water interface in an
ideal manner, neglecting such effects as strong H-bonding
and electrical double-layer influences which may ulti-
mately cause symmetry arguments to fail.

Though this investigation has revealed new insight into
the nature of (bi)sulfate complexes at the Fe-(hydr)oxide-
water interface, the processes explored herein are only
indirect consequences of a more fundamental issue. The
question of why particular mineral surfaces accumulate
acidity upon dehydration needs to be addressed in order
to predict the effects this process has on adsorption,
mineral dissolution, microbial interactions, etc. Thermo-
dynamic calculations aimed at exploring how the change
in surface dielectric constant due to drying impacts
oxyanion surface complexation (both coordination and
speciation) should be performed. Also, future research
coupling MO/DFT and IR spectroscopy to study the effect

(39) Persson, P.; Lovgren, L. Geochim. Cosmochim. Acta 1996, 60,
2789.

Table 6. Experimental IR (ex situ) Frequencies (cm-1) of
Sulfate Complexes Adsorbed to Hematitea and Goethiteb

hematitea goethiteb

1255 1250
1130 1130
1030 1050
950 980

a Turner and Kramer.14 b Persson and Lovgren.39

Table 7. Experimental IR (ex situ) Frequencies (cm-1) of
Sulfate Complexes Adsorbed to Hematite, Goethite,

Akaganeite, and Lepidocrocitea

hematite goethite akaganeite lepidocrocite

1200 (1245) 1254 (1282) 1200 (1215) 1250 (1275)
1128 (1131) 1141 (1150) 1120 (1123) 1133 (1140)
1040 (1030) 1040 (955) 1060 (1035) b

970 (950) 965 (909) 970 (950) 965 (955)
a Values in parentheses correspond to evacuated samples and

the other values correspond to air-dry samples. Parfitt and Smart.11

b Reported as obscured.
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of mineral surface dehydration on the bioavailability and
transport of other important oxyanions will be helpful
with respect to improving surface complexation models.
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